The dynamin GTPase is required for clathrin-dependent, receptor-mediated endocytosis. Exciting new studies have shown that dynamin's pleckstrin homology domain binds to phosphatidylinositol 4,5-bisphosphate in vivo, thus localising dynamin directly at the plasma membrane and ultimately enabling vesiculation. Almost all eukaryotic cells constitutively perform endocytosis -the process by which the plasma membrane invaginates, captures extracellular components and ultimately buds off to form intracellular, membrane-bound vesicles. Endocytosis is crucial for the vesicular transport of proteins and hormones and for the recycling of synaptic vesicles [1] . Two decades ago, beautiful electron micrographs first captured membraneous endocytic intermediates and showed them to be decorated with proteins on their outer surface. Since then, heroic efforts have been made to identify these proteins and to understand their involvement in endocytosis. One of the most interesting of these proteins is dynamin, not least because it is a large GTPase with a mechanochemical function that executes endocytic vesicle scission. Here, we discuss recent findings [2] [3] [4] that conclusively demonstrate the essential function of dynamin's pleckstrin homology (PH) domain in endocytosis in vivo. These reports have tackled the challenging area of in vivo phosphoinositide-PH-domain interactions, consequently enhancing our understanding of the intriguing protein machinery that effects endocytosis and suggesting ways of examining dynamin's mechanism of action in more depth. .
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Receptor-mediated endocytosis
Most eukaryotic endocytosis is initiated by binding of ligands to membrane receptors and is dependent on the vesicle coat protein clathrin [1] . This process, termed receptor-mediated -or clathrin-dependent -endocytosis, produces vesicles of approximately 150 nm diameter. This type of endocytosis is so fast that an estimated 2,000-3,000 vesicles can bud off from a cultured cell membrane every minute. Receptor-mediated endocytosis is also highly selective, permitting a 1,000-fold enhanced uptake of receptor-bound molecules compared with free molecules. So, how are proteins co-ordinated to perform this demanding task?
A model summarising the involvement of dynamin and other proteins -for example, the adaptor protein AP-2 [5] , clathrin [6] and amphiphysins [7] -in endocytosis is shown in Figure 1 . The network of interactions illustrated may explain how dynamin is selectively targeted to uncoated 'necks' of budding vesicles but not to the clathrin polyhedra encapsulating the coated pits. Sterling work on shibire mutants of Drosophila, which carry temperature-sensitive mutations in the GTPase domain of the Drosophila dynamin homologue, yielded the first important functional information about the role of dynamin. Electron micrographs of cells from shibire mutants revealed that dynamin forms oligomeric 'collars' around the necks of budding, clathrin-coated pits and that the GTPase activity of dynamin is subsequently required for vesicle scission and release from the membrane.
Oligomerisation of dynamin is critical for dynamin function
Following its initial recruitment, how does dynamin oligomerise and orchestrate vesiculation? Again, electron microscopy was instrumental, revealing that membranebound dynamin forms oligomeric lattices before executing vesiculation. In nerve terminals, inhibition of dynamin GTPase activity led to the formation of extended membrane invaginations (but very few vesicles), the outer walls of which were coated with oligomeric dynamin [8] . Another study showed that dynamin self-assembles into rings and that these rings can become stacked and interconnected [9] . These ring structures resemble the collars on budding membranes in cells from the Drosophila shibire mutants, which display arrested endocytosis.
More recently, it has been shown that protein-free liposomes containing mixed phospholipids can support the oligomerisation of dynamin into helical arrays and, moreover, these oligomers alone (even without the addition of GTP) can induce tubular distortions of the liposomes [6] . Indeed, liposome tubules decorated with recombinant dynamin undergo constriction and vesiculation simply upon GTP addition [10] . The mechanism of action of GTP probably involves the induction of a concerted conformational change in dynamin, although precisely how this occurs remains unclear. These results establish that dynamin oligomers are not only sufficient for constricting the necks of budding vesicles, but also responsible for executing vesicle scission. These findings, however, did not shed light on the mechanism of dynamin oligomerisation.
Furthermore, although dynamin appears functional in these rather minimal protein-free liposomal assay systems, it seems likely that multiple proteins act in concert in vivo to regulate receptor-mediated endocytosis temporally and spatially. If this is true, how are dynamin oligomerisation and GTPase activity dependent on additional molecules?
Recently, evidence has been presented showing that native dynamin is tetrameric [11] , but can undergo further oligomerisation via its carboxy-terminal regions encompassing the so-called proline/arginine-rich domain (PRD) [12] . The PRD binds to the Src homology 3 (SH3) domains of amphiphysin during recruitment of dynamin to the site of coated pit formation [7] . Consequently, competition for interaction with the PRD is such that amphiphysins induce the disassembly of dynamin oligomers in vitro [13] . The dynamin PRD is therefore crucial in the oligomerisation cycle of dynamin. A protease-treated dynamin lacking the PRD still forms helical coats on liposomes [10] , however, so although the PRD promotes dynamin oligomerisation it is not the sole mediator of self-assembly. Interestingly, it appears that the PH domain is not required for dynamin oligomerisation [11] . Establishment of a full picture of dynamin's function is clearly not going to be straightforward. Although mechanisms for the amphiphysin-dependent recruitment of dynamin to budding vesicles and subsequent oligomerisation have been presented, certain questions remain: for example, how is dynamin localised at the necks of budding vesicles?
The domain structure of dynamin The significant new insights brought by the work of Vallis et al. [2] and Lee et al. [3] are best introduced by considering the domain structure of dynamin. The three mammalian dynamins exhibit considerable sequence conservation, each having an amino-terminal GTPase domain, a central PH domain, a GTPase-effector domain (GED) and the carboxy-terminal PRD. The presence of the PH domain is particularly interesting because these domains usually mediate membrane attachment through binding to phosphoinositide lipids [14] , and because previous studies have shown positive co-operativity between dynamin molecules and acidic phospholipids in the stimulation of dynamin's GTPase activity [15] . Subsequently, the dynamin PH domain was shown to bind to phosphoinositide-containing vesicles in vitro. Moreover, phosphatidylinositol 4,5-bisphosphate (PIP 2 ) activates wild-type dynamin in vitro, but not a deletion mutant lacking the PH domain [16] . These studies implicated PIP 2 
Figure 1
(a) Receptor-mediated endocytosis is stimulated when specific ligands bind to transmembrane receptors. Sequences in the cytoplasmic carboxyl termini of the receptors then recruit assembly or adaptor proteins, such as the heterotetrameric AP-2, which can simultaneously bind to the receptor, to membrane phospholipids and to clathrin (with binding to clathrin occurring via the AP-2 β-subunit). Ligated receptors therefore become clustered in the membrane, where clathrin coat complexes concomitantly assemble [5] . Clathrin triskelia (three-legged assemblies of six polypeptides, α 3 β 3 ) polymerise into polyhedral structures. These scaffold structures alone can invaginate the surfaces of protein-free liposomes, producing coated pits [6] , although in vivo their activity is probably directed by interactions with receptor-AP-2 complexes and amphiphysins [7] as shown. Further, the AP-2 complexes use their α-subunits to recruit amphiphysins, such as the Amph1-Amph2 heterodimer. These amphiphysins contain a conserved carboxy-terminal SH3 domain that can bind to specific proline-rich sequences, such as those at the carboxyl terminus of dynamin, thereby enabling dynamin recruitment. Many groups have analysed the phosphoinositide-binding ability of a wide range of PH domains in vitro [14] . Compared with many other examples, identification of a specific phospholipid ligand for the dynamin PH domain has proved difficult, although recent data seem to have settled this issue in favour of PIP 2 [17] . Moreover, Lemmon and co-workers [17] recently linked in vitro and in vivo observations, showing that dynamin PH domains require oligomerisation for high-affinity PIP 2 binding. This prompted the hypothesis that dynamin PH domains co-operatively attach dynamin to PIP 2 -containing membranes, thus promoting the selfassembly that is critical for dynamin function in vesiculation [17] . Unfortunately, in vitro studies rarely provide conclusive demonstrations of the physiological roles of PH domains. The unique aspect of the new reports [2] [3] [4] is that the role of the dynamin PH domain has been investigated both in vivo and within the context of full-length, wild-type protein and in variants carrying point mutations previously characterised in studies of isolated PH domains.
Role of the dynamin PH domain
The reports by Vallis et al. [2] and Lee et al. [3] demonstrate the requirement of the dynamin PH domain in receptor-mediated endocytosis in vivo. Both reports clearly show that overexpression of a form of dynamin that lacks the PH domain inhibits receptor-mediated endocytosis in vivo. To preclude criticism that the removal of the entire PH domain simply disrupted dynamin structure, both groups produced full-length dynamin constructs bearing only limited point mutations or loop mutations in this domain. It is satisfying that overexpression of these point mutants resulted in cellular phenotypes that agreed with the studies using dynamin mutants lacking the entire PH domain and that were predictable from current in vitro biochemical and structural data. Numerous mutations of the dynamin PH domain that have been shown to prevent its binding to PIP 2 in vitro [2] [3] [4] 16] were individually created within full-length dynamin and were shown to abolish transferrin uptake in vivo, suggesting that they have dominant-negative inhibitory effects on receptormediated endocytosis [2] [3] [4] . Conversely, cells overexpressing wild-type dynamin showed no inhibition of receptor-mediated endocytosis.
These data imply that the dominant-negative forms of dynamin that contain mutations outside the GTPase domain prevent the vesicle scission event by reducing the affinity of wild-type dynamin for phosphoinositides in the plasma membrane. This trans-acting effect could occur Dispatch R303 Figure 2 (a) Native dynamin exists as a tetramer formed by intermolecular interactions involving the carboxy-terminal PRD. Further oligomerisation -potentially mediated by the PRD and possibly by an interaction between the GED and GTPase domains [11] -is prevented, perhaps due to inhibition by the ligand-free PH domain which comes between the GED and GTPase domains. (b) Following the binding of an extracellular ligand, receptor clustering and assembly of clathrin-coated pits, dynamin is recruited through its PRD by amphiphysin SH3 domains. Once in the proximity of the plasma membrane, tetrameric dynamin binds with high avidity to PIP 2 in the membrane via its PH domain. Higher order self-assembly of dynamin can then occur, perhaps promoted by the concentrating effect of co-localisation on a surface, or indirectly by phosphoinositide binding to the PH domain, which could relieve the proposed steric repression of dynamin oligomerisation. The self-assembly of dynamin does not allow the binding of amphiphysins, such that dynamin is not found in coated pits but is found only as collars around proximal budding necks. In the oligomerised and phosphoinositide-bound state, dynamin efficiently hydrolyses GTP and executes the constriction, scission and vesiculation of membranes. Receptor-mediated endocytosis is thus completed and the components of the endocytic machinery can be recycled. through the hetero-oligomerisation of dynamin PH domain mutants with endogenous wild-type dynamin into multimers with reduced avidity for PIP 2 . Consequently, Lee et al. [3] argue that a critical step in dynamin function is the targeting of dynamin oligomers to PIP 2 -containing membranes via interactions with the PH domain of dynamin. This step fits with the reported requirement for PIP 2 in endocytosis [5] and presumably occurs after the initial amphiphysin-mediated recruitment of dynamin via its PRD.
In Figure 2 we attempt to summarise the emerging model for dynamin function. In our model, we also propose a steric role for the PH domain in order to account for data that are not compatible with a simple model in which membrane recruitment by PIP 2 -dynamin interactions alone drives oligomerisation. In short, it has been shown that not only PIP 2 can activate the dynamin GTPase, but so too can the water-soluble analogue of the PIP 2 head group -myo-inositol 1,4,5-trisphosphate (IP 3 ) [16] . As IP 3 does not form liposomes, its binding to the dynamin PH domain presumably does not induce co-localisation of dynamin via a simple membrane recruitment pathway. Therefore, the interaction between IP 3 and the PH domain of dynamin may have some additional effect on the intramolecular domain organisation of dynamin. Perhaps further investigation along such lines is warranted, as the former view of PH domains simply as mediators of membrane recruitment does not appear to fit with emerging data describing the activation of certain proteins, such as protein kinase B, by phosphoinositides [14] . The demonstration of specific, regulatory, intramolecular protein-PH-domain interactions is an exciting prospect, as it has important implications for the regulation of signal transduction proteins. In terms of dynamin, although startling progress is being achieved in characterising the mechanistic and functional properties of this enigmatic molecular garrotte, details of the final GTP hydrolysis event, with concomitant vesiculation and bilayer scission, remain tantalisingly elusive.
